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ABSTRACT Streptococcus agalactiae (group B Streptococcus [GBS]) is often a com-
mensal bacterium that colonizes healthy adults asymptomatically and is a frequent
inhabitant of the vaginal tract in women. However, in immunocompromised individ-
uals, particularly the newborn, GBS may transition to an invasive pathogen and
cause serious disease. Despite the use of the currently recommended intrapartum
antibiotic prophylaxis for GBS-positive mothers, GBS remains a leading cause of neo-
natal septicemia and meningitis. To adapt to the various host environments encoun-
tered during its disease cycle, GBS possesses multiple two-component regulatory
systems (TCSs). Here we investigated the contribution of a transcriptional regulator
containing a LytTR domain, LtdR, to GBS pathogenesis. Disruption of the ltdR gene
in the GBS chromosome resulted in a significant increase in bacterial invasion into
human cerebral microvascular endothelial cells (hCMEC) in vitro as well as the
greater penetration of the blood-brain barrier (BBB) and the development of menin-
gitis in vivo. Correspondingly, infection of hCMEC with the ΔltdR mutant resulted in
increased secretion of the proinflammatory cytokines interleukin-8 (IL-8), CXCL-1, and
IL-6. Further, using a mouse model of GBS vaginal colonization, we observed that
the ΔltdR mutant was cleared more readily from the vaginal tract and also that in-
fection with the ΔltdR mutant resulted in increased cytokine production from human
vaginal epithelial cells. RNA sequencing revealed global transcriptional differences
between the ΔltdR mutant and the parental wild-type GBS strain. These results sug-
gest that LtdR regulates many bacterial processes that can influence GBS-host inter-
actions to promote both bacterial persistence and disease progression.
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Streptococcus agalactiae (group B Streptococcus [GBS]) is a Gram-positive, beta-
hemolytic bacterium normally found in the human gastrointestinal and urogenital

tracts of asymptomatic individuals. However, GBS possesses an array of virulence
factors that renders it capable of causing invasive disease in susceptible hosts, includ-
ing the newborn. Despite widespread intrapartum antibiotic administration to colo-
nized mothers to prevent vertical transmission, GBS remains a leading cause of pneu-
monia, sepsis, and meningitis in neonates (1, 2). Over the course of its disease cycle,
GBS encounters very different host microenvironments and must adapt to successfully
colonize and survive in different host niches. In bacteria, the ability to efficiently adjust
to different environments is commonly mediated by signaling through two-component
regulatory systems (TCSs) (3, 4).

TCSs consist of a membrane-bound histidine kinase sensor that, upon activation by
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an external signal, phosphorylates a cytoplasmic transcriptional regulator that affects
expression of downstream gene targets. Of the 21 TCSs that have been described in
GBS, only a few have been well characterized (5–7). The TCS response regulator CiaR is
known to play a role in promoting GBS survival within brain endothelial cells as well as
host phagocytic cells, such as neutrophils and macrophages (8). The LiaR response
regulator promotes GBS virulence by regulating cell wall synthesis in response to
environmental stresses, such as elevated temperature and the presence of antimicro-
bial peptides (9). The best-studied TCS in GBS is CovS/R (control of virulence sensor/
regulator), which regulates the expression of a variety of virulence factors that are
important for GBS pathogenesis, such as pili, which promote GBS attachment to host
surfaces, and cylE, which is involved in the expression of beta-hemolysin/cytolysin
(�-H/C) (10–12). We have shown previously that GBS strains lacking the covR gene are
hyperinflammatory and result in increased sepsis and meningitis in murine infection
models due to increased expression of �-H/C (11). Interestingly, infection with GBS
wild-type (WT), ΔcovR, or ΔcylE strains revealed that the �-H/C toxin is a key mediator
in provoking an acute inflammatory response in the vaginal epithelium and that
functional CovR regulation dampens cytokine production and promotes bacterial
persistence in the mouse vaginal tract (13). These observations demonstrate the
importance of TCS transcriptional regulators in regulating virulence factors in order to
promote niche establishment.

While the majority of TCS transcriptional regulators possess a helix-turn-helix (HTH)
DNA-binding domain, a small percentage of transcriptional regulators contain a LytTR
non-HTH domain (14–16). LytTR-containing proteins account for just �2.7% of pro-
karyotic response regulators and predominantly regulate the production of virulence
factors in pathogenic bacteria (17). GBS possesses three TCS transcriptional regulators
that include the LytTR DNA-binding domain (Fig. 1A). Of these, the RgfA regulator
(GBSCOH1_RS09095) has been previously characterized and may contribute to viru-
lence by mediating GBS binding to host fibrinogen (18). Another of these LytTR-
containing response regulators, encoded by GBSCOH1_RS01195, has also been studied
and is referred to as Rr2 (5). Rr2 is upregulated in GBS during stationary growth phase
and is likely activated in response to stress conditions, such as a lack of nutrients, low
pH, and the accumulation of toxic metabolites (5). The GBS Rr2 gene is contained within
a locus that is homologous to loci found in the pathogens Staphylococcus aureus and
Streptococcus mutans, where it has been shown to regulate the expression of murein
hydrolases encoded by the adjacent lrgAB operon (19–22). In those pathogens, the Rr2
regulator is known as LytR and has been shown to be important for cell wall turnover,
cell autolysis, and biofilm formation (23–25).

Here we investigate the third LytTR domain-containing TCS regulator (GBSCOH1
_RS05040), which we designate LtdR, and its role in GBS colonization and virulence. Using
targeted mutagenesis, we show, using mouse models of GBS colonization and invasive
disease, that LtdR-mediated regulation affects both the development of meningitis and
vaginal persistence. Additionally, we observed that the loss of LtdR results in increased GBS
invasion into host cells and increased inflammatory signaling by infected cells in vitro.
Finally, we performed RNA sequencing (RNA-seq) to identify LtdR-regulated genes and
observed global transcriptional changes in the ΔltdR mutant strain.

RESULTS
Construction and characterization of the ltdR deletion strain. The LtdR tran-

scriptional regulator possesses the REC signal receiver domain and the LytTR DNA-
binding domain (Fig. 1A). The ltdR gene locus is distinct from the loci of the other two
LytTR-containing two-component system transcriptional regulators. The ltdR gene is
directly downstream of the ltdS histidine kinase sensor gene, and this operon is
upstream of a gene encoding a putative carbon starvation gene. The gene encoding
Rr2 is also downstream of the gene encoding its histidine kinase and upstream of the
lrg murein hydrolase genes. The gene encoding the RgfA regulator appears upstream
of the gene for its cognate kinase, RgfC (Fig. 1B). We performed precise insertional
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mutagenesis to generate the ΔltdR mutant GBS strain in the highly encapsulated,
hypervirulent strain COH1 background (sequence type 17 [ST-17], serotype III) (26, 27).
Additionally, the ltdR gene was cloned into the pDCerm vector to complement the
ΔltdR mutant strain. Using NCBI BLAST program, we determined that the ltdR gene in
COH1 is 99% homologous to ltdR genes in the GBS strains 2603V/R (ST-110, serotype V),
CJB111 (ST-1, serotype V), NEM316 (ST-23, serotype III), A909 (ST-7, serotype Ia), and
H36B (ST-6, serotype Ib). Analysis of growth demonstrated that the ΔltdR mutant COH1
strain grew similarly to the parental WT strain in rich medium (Todd-Hewitt broth [THB])
and chemically defined medium (CDM) (Fig. 2A and B). Bacterial numbers were also
assessed by plating and determination of the number of CFU at various growth phases,
and the CFU counts were similar between the WT and ΔltdR mutant strains (data not
shown). Additionally, there was no difference in capsule abundance and hemolytic
ability between the WT and the ΔltdR mutant strains (Fig. 2C to F). However, scanning
electron microscopy revealed that the ΔltdR mutant appears to aggregate or cluster
more readily than the WT strain, which could suggest a difference in cell division or
surface architecture (Fig. 2G and H). Quantitative assays further demonstrated that the
ΔltdR mutant exhibited increased aggregation and clumping phenotypes compared to
the WT and complemented strains (Fig. 2I and J).

Loss of ltdR results in increased pathogenesis of meningitis in vivo. To deter-
mine whether LtdR contributes to GBS virulence in vivo, we utilized a murine model of
GBS hematogenous meningitis (28–30). Mice were challenged with either WT GBS or
the isogenic ΔltdR mutant as described in Materials and Methods. At the experimental

FIG 1 (A) Schematic diagram of LytTR-containing two-component system transcriptional regulator pro-
teins. Numbers above the diagram correspond to the amino acid positions. The percent identity of the
primary amino acid sequences of the Rr2 and RgfA REC and LytTR domains to LtdR is indicated. (B)
Schematic of the ltdR-, Rr2-, and rgfA-containing gene loci. Gene locus tags published in the NCBI reference
sequence with GenBank accession number NZ_HG939456.1 are indicated above the gene annotations.

LtdR Regulation Promotes GBS Virulence Infection and Immunity

July 2018 Volume 86 Issue 7 e00822-17 iai.asm.org 3

http://www.ncbi.nlm.nih.gov/nuccore?term=NZ_HG939456.1
http://iai.asm.org


endpoint, mice were euthanized and brain tissue, blood, and lung tissue were collected
to determine the bacterial loads. We recovered similar numbers of ΔltdR mutant and
WT GBS from mouse blood and lung; however, we observed a significant increase in the
amounts of ΔltdR mutant GBS recovered from the brain tissue (Fig. 3A to C). Histo-

FIG 2 (A and B) Growth curves for WT GBS and the ΔltdR mutant in THB (A) and CDM (B) at 37°C. (C to E) Flow cytometry using serial
dilutions of a monoclonal antibody (MAb) to the serotype III capsule to determine the presence of capsule in WT GBS (C) and the ΔltdR
mutant (D). A monoclonal antibody to the serotype Ia capsule was used as the isotype control. (F) Hemolysis assay comparing the
hemolysis of sheep blood cells by WT GBS and the ΔltdR mutant. Representative data from 1 of at least 2 independent experiments are
shown. (G and H) Scanning electron microscopy images of WT GBS (G) and ΔltdR mutant (H) strains. (I) Aggregation assay comparing
aggregation of WT GBS, the ΔltdR mutant, and the complemented strain in THB. (J) Clumping assay comparing clumping of the WT GBS,
the ΔltdR mutant, and the complemented strain in THB containing 0.1% fibrinogen. *, P � 0.05; **, P � 0.005; ***, P � 0.0005.
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pathological examination of fixed tissue revealed meningeal thickening as well as the
presence of inflammatory infiltrates in the brains of mice infected with the ΔltdR
mutant (Fig. 3D to F).

Loss of ltdR promotes bacterial invasion into endothelial cells and stimulates
cytokine secretion in vitro. Because we observed increased bacterial loads in the
brains of mice challenged with the ΔltdR mutant, we next characterized the ability of
the ΔltdR mutant to invade human cerebral microvascular endothelial cells (hCMEC),
the cells that constitute the blood-brain barrier (BBB). Using transmission electron
microscopy, we first visualized more intracellular bacteria in brain endothelial cells
following infection with the ΔltdR mutant than following infection with the WT strain
(Fig. 4A and B). We then performed a quantitative cell invasion assay as described
previously (28, 31) and in Materials and Methods. Monolayers of hCMEC were infected
with WT, the ΔltdR mutant, or the complemented strain with an inoculum of 105

CFU/well (multiplicity of infection [MOI], 1); data are expressed as the percentage of
intracellular GBS recovered after 2 h of incubation plus 2 h of treatment with antibiotics
to kill extracellular bacteria. As shown in Fig. 4C, the ΔltdR mutant strain exhibited a
significant increase in hCMEC invasion (P � 0.0005) compared to the WT strain.
Furthermore, complementation of the ΔltdR mutant lowered the invasion ability to a
level close to that of the WT (Fig. 4C). To determine whether the increased invasion
observed with the ΔltdR mutant could be explained by increased attachment to host
cells, we examined the amount of total cell-associated (surface-adherent plus intracel-
lular) GBS to hCMEC; however, we observed no significant difference between the WT
and the ΔltdR mutant strains (Fig. 4D). Further, to assess whether the observed increase
in recovered intracellular bacteria for the ΔltdR mutant was due to enhanced survival
or bacterial replication of the ΔltdR mutant within hCMEC, we performed additional
experiments to measure intracellular survival over time. We recovered intracellular
bacteria up to 8 h postinfection and determined that the ΔltdR mutant was able to
survive inside hCMEC at levels comparable to those of WT strain COH1 (Fig. 4E). These
data suggest that LtdR contributes primarily to bacterial invasion into brain endothelial
cells.

FIG 3 Mouse model of GBS meningitis. (A to C) At 72 h after infection, mice were euthanized and bacterial loads in the brain (A), blood (B), and lung (C) were
assessed. (D to F) Representative images of hematoxylin-eosin-stained brain sections from mice inoculated with the WT (D) or the ΔltdR mutant (E and F) GBS
strain. Arrows, areas of neutrophil infiltration and meningeal thickening. Representative data from 1 of 3 independent experiments are shown. *, P � 0.05.
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Since we observed increased inflammatory infiltrate, predominately neutrophils, in
tissues surrounding the brains of mice challenged with ΔltdR mutant compared to
those of mice challenged with the WT strain, we hypothesized that LtdR-mediated
regulation may impact the host inflammatory response. We have shown previously that
GBS infection elicits cytokine and chemokine signaling, which promotes neutrophil
influx into the central nervous system (CNS) (32). To examine if cytokine/chemokine
expression was altered during infection with the ΔltdR mutant, we infected hCMEC with
the WT, the ΔltdR mutant, or the complemented mutant strain and measured the
transcript abundance and protein production of major neutrophil chemoattractants,
interleukin-8 (IL-8) and CXCL-1, as well as the proinflammatory cytokine IL-6. Cells

FIG 4 LtdR regulation influences GBS invasion into the brain endothelium. (A and B) Transmission electron micrographs of
hBMEC infected with WT (A) or ΔltdR mutant (B) GBS. (C) Invasion of WT GBS, the ΔltdR mutant, and the complemented strain
into hCMEC was quantified after a 2-h infection. (D) Adherence of WT GBS and the ΔltdR mutant strain to hCMEC was assessed
after a 30-min incubation. (E) The intracellular survival of WT GBS and the ΔltdR mutant strain relative to that of the WT and
the ΔltdR mutant at 2 h postinfection was determined up to 8 h postinfection. Experiments were performed at least 3 times
in triplicate, and error bars represent SDs; the results of a representative experiment are shown. *, P � 0.05; **, P � 0.005; n.s.,
not significant.
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infected with the ΔltdR mutant GBS had significantly higher levels of transcript and
secreted protein than uninfected cells or cells infected with WT GBS. Complementation
of the ltdR mutation lowered the level of cytokine expression by infected hCMEC to
levels similar to those for WT-infected cells (Fig. 5A to F). Taken together, these data
suggest that the loss of LtdR enhances GBS invasion into the brain endothelium and
that this may result in the stimulation of cytokine release from host cells.

LtdR contributes to vaginal colonization. To examine the function of LtdR in a
different host niche, we utilized a murine model of GBS vaginal colonization (33) to
characterize the role of LtdR regulation in colonization. Mice (8 weeks old) were treated
with 17�-estradiol 1 day prior to bacterial inoculation. The GBS WT or the ΔltdR mutant
(1 � 107) was inoculated directly into the vagina, and on successive days, the vaginal
lumen was swabbed and the recovered bacteria were quantified on agar plates to
determine bacterial persistence and changes in the bacterial load over time. Similar
numbers of both strains were recovered from the mouse vagina on day 1 postinocu-
lation. However, the animals that were challenged with ΔltdR mutant strain cleared the
GBS more rapidly than the mice that were inoculated with the WT strain (Fig. 6A). This
result could mean that the ΔltdR mutant was less able to attach to vaginal epithelium;
however, we observed that, similar to our observations with brain endothelium, the
ΔltdR mutant was more invasive than WT GBS into human vaginal epithelial cells (hVEC)
but was not significantly more adherent (Fig. 6B and C). We have previously shown that
GBS infection of hVEC results in activation of numerous immune pathways, including
those involving cytokines and chemokines involved in leukocyte recruitment and
activation (13). To determine whether LtdR plays a role in inflammatory signaling, we
infected hVEC with the WT, the ΔltdR mutant, or the complemented strain and detected
the highest levels of IL-8, CXCL-1, and IL-6 transcripts and secreted protein from the
cells infected with the ΔltdR mutant strain (Fig. 6D to I). Thus, as we observed in brain
endothelium, LtdR regulation also impacts the host inflammatory response in vaginal
epithelial cells.

LtdR regulation impacts many bacterial cell processes. Thus far, we have ob-
served that LtdR contributes to both colonization and invasive disease. Because GBS
colonization and meningitis occur in different host niches, we hypothesized that LtdR
may regulate multiple bacterial pathways to affect GBS interactions within different

FIG 5 LtdR impacts cytokine expression by infected hCMEC. (A to C) hCMEC were infected with GBS for 5 h, and then the cells were collected and the transcript
levels of IL-8 (A), CXCL-1 (B), and IL-6 (C) were quantified by RT-qPCR. (D to F) The hCMEC supernatant was collected for detection of IL-8 (D), CXCL-1 (E), and
IL-6 (F) protein secretion during GBS infection. Experiments were performed at least 3 times in triplicate, and error bars represent SDs; the results of a
representative experiment are shown. *, P � 0.05; **, P � 0.005; ***, P � 0.0005; ****, P � 0.00005.
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FIG 6 LtdR plays a role in GBS persistence and inflammation in the vaginal tract. (A) Murine vaginal colonization model. Mice were inoculated with either the
WT or the ΔltdR mutant GBS strain, and the bacterial load was monitored daily. (B) Invasion of WT GBS, the ΔltdR mutant, and the complemented strain into
hVEC was quantified after a 2-h infection. (C) The adherence of WT GBS and the ΔltdR mutant was assessed after a 30-min incubation. (D to F) hVEC were
infected with GBS for 5 h, and then the transcript levels of IL-8 (D), CXCL-1 (E), and IL-6 (F) were assessed by RT-qPCR. (G to I) An ELISA to quantify the IL-8
(G), CXCL-1 (H), and IL-6 (I) secreted by hVEC was performed following a 5-h infection with GBS strains. Experiments were performed at least 3 times in triplicate,
and error bars represent SDs; the results of a representative experiment are shown. *, P � 0.05; **, P � 0.005; ***, P � 0.0005; ****, P � 0.00005; n.s., not
significant.
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host cell environments. To characterize the impact of LtdR regulation on global gene
transcription, we performed RNA sequencing analysis of the ΔltdR mutant as well as the
parental WT strain grown to an optical density (OD) of 0.2, 0.5, and 1.0. We observed
significant global changes at all growth phases, with the highest number of signifi-
cantly differentially expressed genes being seen at early stationary phase (OD � 1.0); in
total, 135 genes were downregulated and 109 genes were upregulated in the ΔltdR
mutant compared to their levels of regulation in the WT strain (Fig. 7A to E; see also
Table S1 in the supplemental material) We classified these genes based on the clusters
of orthologous groups (COG) of genes (34, 35). The majority of genes differentially
expressed during all three growth phases are involved in metabolic pathways. There
were also increases in the expression of genes involved in RNA processing in the WT
strain. Interestingly, the expression of a number of transcriptional regulators (all clas-
sified under the signal transduction COG) was higher in the ΔltdR mutant strain during
early stationary phase (Fig. 7F). In our examination of the differentially expressed
transcripts, we saw little overlap of genes affected between the three growth phases
(Fig. 7A to E). These results suggest that the effects of LtdR regulation are variable
depending on the growth phase. GBSCOH1_RS09570, which encodes a bifunctional
homocysteine S-methyltransferase/methylenetetrahydrofolate reductase, was the tran-
script that was more abundant in the WT GBS than in the ΔltdR mutant at every time
point. This enzyme functions in methionine metabolism pathways. The gene that was
more abundant in the ΔltdR mutant than in the WT at all time points was
GBSCOH1_RS05780, which encodes the LysR family transcriptional regulator MtaR.
MtaR has previously been shown to regulate the expression of the methionine
transport genes metQ1 (GBSCOH1_RS07790), pdsM (GBSCOH1_RS07785), metN
(GBSCOH1_RS07780), and metP (GBSCOH1_RS07775) (36, 37). In our RNA-seq anal-
ysis, metQ1, pdsM, and metN transcript levels were significantly higher in the ΔltdR
mutant at the earliest time point, while just the metQ1 transcript level was in-
creased in the ΔltdR mutant in mid-log phase, and none of the genes in the
methionine metabolism operon were significantly differentially expressed at the
latest time point. Reverse transcription-quantitative PCR (RT-qPCR) was used to
validate some of these and other select transcripts that were expressed at signifi-
cantly higher or lower levels in the ΔltdR mutant than in the WT, as determined by
RNA sequencing. We observed that the differences in transcript abundance be-
tween WT GBS and ΔltdR mutant cultures seen by RT-qPCR were similar to those
seen by RNA sequencing (Table S2). We further observed that the complemented
strain had significantly lower levels of expression of select transcripts that were
highly upregulated in the ΔltdR mutant compared to their levels of expression in
the WT strain (Fig. S1). The results of our RNA-seq and RT-qPCR analyses of the WT,
ΔltdR mutant, and complemented strains indicate that LtdR may regulate many
cellular pathways, including those involving methionine uptake and metabolism, as
well as expression of potential virulence factors.

DISCUSSION

Bacteria use TCSs to monitor and respond to environmental signals. GBS possesses
21 TCSs (6), about twice as many as other closely related pathogens, such as Strepto-
coccus pyogenes, Streptococcus pneumoniae, and Streptococcus mutans, all of which
encode just 13 TCSs in their genomes (38–40). Three of the GBS TCS transcriptional
regulators contain the rare LytTR DNA-binding domain (5). Because LytTR-containing
response regulators predominantly influence virulence in Gram-positive pathogens (15,
17), we explored the role of the previously uncharacterized LtdR regulator in GBS
meningitis and vaginal persistence. In this study, we show that LtdR regulation can
impact GBS infection and colonization by influencing host inflammatory responses.

It is likely that GBS invasion into BBB endothelial cells is the critical first step for the
development of meningitis (2). Our data suggest that LtdR plays a role in promoting
GBS invasion into host cells. We found that the ΔltdR mutant was significantly more
invasive than the parental WT GBS strain, without any difference in attachment to host
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cells or survival within cells for up to 8 h. Additionally, we were able to recover more
ΔltdR mutant GBS than WT GBS from the brain tissue of infected mice, while we
observed similar bacterial loads in other tissues. These observations suggest that LtdR
regulates factors that specifically promote the uptake of GBS into brain endothelial cells

FIG 7 RNA sequencing to identify LtdR-regulated processes. (A to C) MA plots highlighting genes differentially expressed between WT GBS and the ΔltdR mutant
at different growth phases. Significantly differentially expressed genes (adjusted P � 0.1) are indicated in red. An OD600 of 0.2 (A), an OD600 of 0.5 (B), and an OD600

of 1.0 (C) correspond to late lag phase, exponential phase, and early stationary phase, respectively. (D and E) Venn diagrams of genes expressed at significantly
(adjusted P � 0.05) higher levels in WT GBS than in the ΔltdR mutant (D) and transcripts that were present at significantly larger amounts in the ΔltdR mutant
strain than in the WT (E). (F) Significantly differentially expressed genes (adjusted P � 0.05) were classified according to the cluster of orthologous groups (COG)
of genes.
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without affecting GBS attachment to host cells. Subsequent to bacterial BBB invasion,
the stimulation of host immune pathways is essential to the progression of meningitis.
The release of inflammatory factors by brain endothelial cells, microglia, astrocytes, and
infiltrating immune cells can exacerbate neuronal injury (41). An analysis of the global
transcription profile in BBB endothelium showed that the expression of many chemo-
kines and cytokines is increased in response to GBS infection, with IL-8, CXCL-1, and IL-6
being among the most highly induced (32). In the current study, we found that
disrupting LtdR regulation results in increased expression of those three cytokines. IL-8
and CXCL-1 are major neutrophil chemoattractants known to orchestrate neutrophil
activation and recruitment during GBS infection (30, 42), while IL-6, another proinflam-
matory cytokine that is elevated in the cerebrospinal fluid of meningitis patients, has
also been shown to be secreted by brain endothelial cells during GBS infection (32).
Although an inflammatory response may be beneficial as a host defense against
bacterial infections, excess inflammation can exacerbate the symptoms of bacterial
meningitis and can be detrimental during an acute infection (43, 44). We observed that
mice infected with the ΔltdR mutant GBS strain exhibited higher brain bacterial loads
and increased meningeal inflammation compared to animals challenged with WT GBS.
Thus, LtdR regulation impacts bacterial BBB penetration and disease progression during
GBS meningitis.

While increased inflammation can be associated with a worse prognosis in invasive
bacterial infections such as meningitis, we have observed that stimulation of the host
immune system is associated with bacterial clearance during vaginal colonization (13,
45). We have previously investigated the ability of different GBS strains to successfully
colonize the murine vaginal tract and found that the less inflammatory strains persisted
the longest (46). Here, we observed that the ΔltdR mutant GBS strain promoted
increased levels of proinflammatory cytokines/chemokines from vaginal epithelial cells
compared to the levels promoted by WT GBS and did not persist in the mouse vagina.
These results are consistent with those of previous studies showing that the upregu-
lation of proinflammatory signaling pathways is associated with GBS clearance from the
vaginal tract (13, 47). Further, our data suggest that the LtdR/S system is necessary for
limiting the expression of GBS virulence factors during colonization, thereby reducing
host innate immune responses to promote stable vaginal persistence.

We have identified the GBS LtdR response regulator to be a key player in inducing
inflammation in both brain endothelial cells and vaginal epithelial cells; however, the
exact mechanism(s) by which GBS LtdR controls gene expression to promote proin-
flammatory signaling remains unclear. To further understand how the LtdS/R system
contributes to colonization and disease pathogenesis, we performed RNA sequencing
to compare the transcriptional profiles of the GBS WT and ΔltdR mutant strains. Our
analysis revealed dramatic transcriptional differences between GBS WT and ΔltdR
mutant strains. We detected the highest number of transcripts significantly differen-
tially expressed between the two strains during the later growth phase, suggesting that
LtdR regulation may be most active during stationary phase. Overall, there were 135
genes that were downregulated and 109 genes that were induced in the ΔltdR mutant
compared to their expression in the WT strain; thus, LtdR appears to act as both a
positive and a negative regulator. Genes that appear to be negatively regulated by LtdR
include those involved in signal transduction, cell division and growth, and the cell
membrane, as well as almost 40 genes that have a hypothetical or unknown function.
Interestingly, in a previous study, the ltdR gene was deleted in a different GBS
background, specifically, in the serotype V CJB111 strain (in a mutant designated the
Δrr11 mutant) (5). While the impact of Rr11 on pathogenesis was not characterized, it
was reported that Rr11 similarly regulates genes involved in metabolism, as determined
using microarray analysis (5).

Many TCS sensor kinases are stimulated by stress conditions that are present during
stationary phase, such as a lack of nutrients, low pH, and the accumulation of toxic
metabolites, and our observations suggest that the LtdS/R TCS may also play a role in
adaptation to different growth environments. Future studies to determine the signal(s)
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being sensed by the LtdS sensor kinase will be of interest. We saw a number of genes
associated with methionine metabolism expressed at higher levels in the ΔltdR mutant
than in WT GBS. GBS requires methionine for growth but cannot synthesize the amino
acid, so it must scavenge methionine from its environment. Previous work has shown
that a GBS strain lacking the MtaR methionine transport regulator exhibits growth
defects in media with physiological methionine concentrations and is attenuated in an
in vivo rat sepsis model (36, 37). While we observed no differences in growth between
the WT and the ΔltdR mutant GBS strains in THB and CDM, further characterization of
the role of LtdR regulation in GBS growth and survival in blood, in serum, and under
other low-methionine conditions is warranted.

We also observed that the gene encoding the pore-forming toxin hemolysin III and
the gene directly upstream encoding a MerR domain-containing transcriptional regu-
lator, which likely regulates hemolysin III expression, were upregulated in the ΔltdR
mutant compared to their expression in the WT. Hemolysin III from Bacillus cereus has
been shown to lyse erythrocytes, and in Vibrio vulnificus the toxin is known to impact
virulence in a mouse model of infection (48–50). However, nothing is known about the
role of hemolysin III in GBS colonization and invasive disease. Our results suggest that
LtdR regulation might affect hemolysin III expression. As the GBS �-H/C toxin is known
to promote neutrophilic chemokine signaling in the BBB endothelium (28), further
studies on hemolysin III and its contribution to proinflammatory responses during GBS
colonization and disease progression will be of interest.

This study demonstrates the importance of LtdR regulation to the progression of
GBS meningitis as well as GBS persistence within the vaginal tract during colonization.
Our results are consistent with previous reports that suggest that GBS must tightly
regulate expression of virulence and inflammatory factors in order to promote a
colonizing state and that changes in the expression levels of these factors contribute to
disease progression. Future studies will be aimed at determining the specific LtdR-
regulated genes that contribute to bacterial invasion and host proinflammatory sig-
naling, which may provide important targets for preventing GBS colonization and
subsequent invasive disease.

MATERIALS AND METHODS
Bacterial strains and growth conditions. GBS clinical isolate COH1 (serotype III) (51) and its isogenic

ΔltdR mutant were used for the experiments. The GBS strains were grown in THB (Hardy Diagnostics) at
37°C, and growth was monitored by measuring the optical density at 600 nm (OD600). Escherichia coli
strain TOP10 electrocompetent cells and strain MC1061 electrocompetent cells (Invitrogen), used for
plasmid propagation, were grown in LB medium. For antibiotic selection, 2 �g/ml chloramphenicol
(Sigma) and 5 �g/ml erythromycin (Sigma) were incorporated into the growth medium for GBS and 300
�g/ml erythromycin was incorporated into the growth medium for E. coli. Chemically defined medium
(CDM) (36) and THB were used for comparison of the growth of the GBS WT and the ΔltdR mutant. To
evaluate growth in CDM or THB, GBS was initially grown to log phase (OD600, 0.3) in THB. The cells were
harvested by centrifugation, washed three times in an equivalent volume of phosphate-buffered saline
(PBS; Gibco), and diluted 1 to 50 into the growth medium. Growth was monitored spectrophotometri-
cally at a wavelength of 600 nm.

Construction of the �ltdR deletion and complemented strains. Deletion of the ltdR gene
(GBSCOH1_RS05040) was performed in the genome of COH1. The following upstream and downstream
primers were used to generate the forward fusion fragment: 5=-GGGACTGACAACAGAATCTTG and
5=-CACAATGTAAGAGC(G/T)CTGCTATAACGAGG. The reverse fusion fragment was generated with up-
stream primer 5=-CCTCGTTATAGCAG(A/C)GCTCTTACATTGTG and downstream primer 5=-CCCAAGTGCTT
TATCAATAGG. The forward and reverse amplicons included GBSCOH1_RS05035 (forward fragment) and
GBSCOH1_RS05045 (reverse fragment) sequences to be used as recombination homologous arms for
allelic exchange. A 1,999-bp fusion deletion product was generated with previously generated forward
and reverse PCR products mixed in equal amounts in a PCR mixture with the following primers:
5=-GGGACTGACAACAGAATCTTG and 5=-CCCAAGTGCTTTATCAATAGG. High-fidelity enzyme (Roche) was
used for all PCRs. The PCR product was digested and gel purified prior to cloning into the TOPO Blunt
vector (Invitrogen). The resulting plasmid, TOPO/GBSCOH1_RS05040AD, was used to transform E. coli
TOP10 cells (Invitrogen). Selection of clones was performed according to the manufacturer’s directions.
Positive clones were screened by SphI restriction endonuclease digestion and plasmid sequencing
(Arizona State University). The TOPO/GBSCOH1_RS05040AD plasmid was digested with BamHI and EcoRI
and ligated into a similarly digested pHY304, yielding pHY304/GBSCOH1_RS05040AD, which was trans-
formed directly into E. coli MC1061. The plasmid was propagated and isolated from E. coli for transfor-
mation of electrocompetent GBS strain COH1. The WT GBSCOH1_RS05040 chromosomal allele was
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replaced with the allele encoding the deletion fragment. The resulting strain was cultured at 30°C in the
presence of erythromycin. The cells were shifted to 37°C in the presence of erythromycin to select for the
chromosomal integration of pHY304/GBSCOH1_RS05040AD. Integration was confirmed by the isolation
of chromosomal DNA and subsequent PCR with the following primers: 5=-GGGCATTTAACGACGAAACTG
and 5=-CGTCGTTTTACAACGTCGTGA. Isolates with the integrated plasmid were chosen and passaged five
times in the absence of erythromycin at 30°C. The resulting strain was then cured of the plasmid by
passage at 37°C and screened for sensitivity to erythromycin. The chromosome of the GBS ΔltdR mutant
was verified by PCR with primers that flanked the cloned region and that were specific for the deleted
sequence. For complementation studies, the full-length ltdR gene was amplified using the following
primers: 5=-GGTCTAGAAAAGGTATTGTATGAAG, incorporating a XdaI restriction site, and 5=-GGCATATG
GAATAACTTTTCATTAGTTA, incorporating an NdeI restriction site, and cloned into the pDCerm plasmid.
The ΔltdR deletion strain was transformed with the recombinant plasmid to generate the complemented
strain. The ΔltdR pltdR complemented strain was grown in the presence of erythromycin.

Hemolysis assay. GBS strains were grown to an OD600 of 0.4 and then harvested by centrifugation
and resuspended in PBS. A total of 1 � 109 CFU was added to fresh sheep blood (VWR) in V-bottom
96-well plates (Corning). The plates were sealed and incubated at 37°C with agitation for 1 h. The plates
were centrifuged at 200 � g for 10 min, and 100 �l of the supernatant was transferred to a flat-bottom
96-well plate. The absorbance at 541 nm (A541) was read, and the percent hemolysis was calculated by
comparing the A541 values for the GBS-treated wells to the A541 values for the wells with blood incubated
with water.

Flow cytometry. Flow cytometry to determine capsule expression was performed as described in
reference 52. Briefly, bacterial stocks were washed in sterile PBS– 0.5% bovine serum albumin (BSA) and
then incubated with 10-fold serial dilutions (range, 1:2,000 to 1:200,000,000 final) of a monoclonal
anti-serotype III antibody or the monoclonal anti-serotype Ia isotype control, washed via centrifugation,
and labeled with a donkey anti-mouse IgM conjugated to Alexa Fluor 647 (Invitrogen) at a 1:2,000
dilution. All incubations were performed at 4°C with shaking. Samples were washed again and then
resuspended, read on a FACSCalibur flow cytometer (BD Biosciences), and analyzed using FlowJo (v10)
software. The monoclonal antibodies, which were provided by John Kearney at the University of Alabama
at Birmingham, were purified. For the histograms shown in Fig. 2C and D, both the anti-serotype III and
anti-serotype Ia isotype control antibodies were used at a final dilution of 1:20,000.

Aggregation and clumping assays. GBS strains were grown to an OD600 of 0.4 and then harvested
by centrifugation and resuspended in PBS (for aggregation assay) or PBS with 0.1% fibrinogen (for
clumping assay) in 1.75-ml Eppendorf tubes (E & K Scientific). A total of 0.1 ml was pipetted from the top
of the cell suspension after 150 min, and the turbidity was measured at 600 nm.

Mouse models of hematogenous GBS meningitis and vaginal colonization. The animal experi-
ments were approved by the Committee on the Use and Care of Animals at San Diego State University
(SDSU; protocol number 16-10-021D) and performed using accepted veterinary standards. We utilized a
mouse GBS infection model as described previously (28–30). Briefly, 8-week-old male CD-1 mice (Charles
River) were injected intravenously with 1 � 108 CFU of wild-type GBS or the isogenic ΔltdR mutant. After
72 h, mice were euthanized and blood and brain tissue were collected. One half of each brain was fixed
in 4% paraformaldehyde (Ricca Chemical Company) for histopathological analyses. Formalin-fixed,
paraffin-embedded brains were sectioned onto glass slides. The slides were stained using hematoxylin
and eosin (Sigma), and images were taken using a Zeiss upright microscope with an attached AxioCam
Icc3 camera. Adobe Photoshop and Illustrator software was used to process the images. The remaining
tissue was homogenized, and the brain tissue homogenates as well as blood and lung homogenates
were plated on THB agar for enumeration of the bacterial CFU.

The mouse model of GBS vaginal colonization was performed as described previously (33). Ten-
week-old female CD-1 mice (Charles River) were injected intraperitoneally with 0.5 mg 17�-estradiol
(Sigma) that had been suspended in 100 �l sesame oil 1 day prior to inoculation with GBS. Mice were
vaginally inoculated with 1 � 107 CFU of wild-type GBS or the isogenic ΔltdR mutant, and on subsequent
days, the vaginal lumen was swabbed with a sterile ultrafine swab. The recovered GBS were enumerated
on CHROMagar StrepB agar (DRG International).

Cell lines and infection assays. Cells of the well-characterized human cerebral microvascular
endothelial cell line (hCMEC/D3) (53–56), referred to here as hCMEC, were obtained from Millipore and
were maintained in an EndoGRO-MV complete medium kit supplemented with 1 ng/ml fibroblast growth
factor 2 (FGF-2; Millipore) at 37°C with 5% CO2. Human brain microvascular endothelial cells (hBMEC)
were cultured as described previously (32) in RPMI 1640 (Corning Cellgro) containing 10% fetal bovine
serum (Atlanta Biologicals), 10% Nu-Serum growth medium supplement (BD Biosciences), and 1%
nonessential amino acids (Gibco) at 37°C with 5% CO2. Immortalized human vaginal epithelial cells
(hVEC) were obtained from the American Type Culture Collection (VK2/E6E7, ATCC CRL-2616) and were
maintained in keratinocyte serum-free medium (KSFM; Gibco) with 0.1 ng/ml human recombinant
epidermal growth factor (EGF; Gibco) and 0.05 mg/ml bovine pituitary extract (Gibco) at 37°C with 5%
CO2 as described previously (46).

Assays to determine the total number of cell surface-adherent or intracellular bacteria were per-
formed as described previously (29). Briefly, bacteria were grown to mid-log phase to infect cell
monolayers (1 � 105 CFU at a multiplicity of infection [MOI] of 1). Total cell-associated GBS were
recovered following a 30-min incubation, while intracellular GBS were recovered after 2 h of infection
and 2 h of incubation with 100 �g gentamicin (Sigma) and 5 �g penicillin (Sigma) to kill all extracellular
bacteria. To assess intracellular survival, cells were treated with antibiotics for up to 8 h after a 2-h
infection with GBS. Cells were detached with 0.1 ml of 0.25% trypsin–EDTA solution and lysed with
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addition of 0.4 ml of 0.025% Triton X-100 by vigorous pipetting. The lysates were then serially diluted and
plated on THB agar to enumerate the bacterial CFU.

Electron microscopy. For scanning electron microscopy, bacteria were grown to log phase in THB
containing human fibrinogen (100 �g/ml). They were then fixed for 10 min using a one-step method
with 2.5% glutaraldehyde, 1% osmium tetroxide, 0.1 M sodium cacodylate. Bacteria were collected on
0.4-�m-pore-size polycarbonate filters by passing the solution through a Swinnex device outfitted on a
10-ml syringe. The filters were dehydrated through a series of increasing ethanol concentrations and
then dried in a Tousimis Samri-790 critical point drying machine. The dried filters were mounted on
scanning electron microscopy sample stubs with double-sided carbon tape, coated with 6-nm platinum
using a Quorom Q150ts high-resolution coater, and imaged with an FEI FEG450 scanning electron
microscope. For transmission electron microscopy, hBMEC were grown in 24-well plates to confluence,
and GBS was subsequently added to the cell monolayers as described above. Following 2 h of incubation,
the monolayers were washed with PBS and collected by centrifugation. The pellets were fixed in 2%
glutaraldehyde, 4% formaldehyde in 0.1 M cacodylate buffer at pH 7.4 for 2 h at room temperature. The
pellets were then fixed again in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h. After rinsing with
water, samples were dehydrated with a series of increasing concentrations of ethanol and left on a
rotator overnight in a 50% solution of Spurr resin and acetone. Samples were placed in 100% Spurr resin
the next day and placed on a rotator for several hours before they were transferred to fresh 100% Spurr
resin and polymerized in an oven for 24 h at 60°C. The sample blocks were sectioned at 50 nm on a Leica
ultramicrotome and picked up on Formvar-coated copper grids. Grids with sections were stained with
uranyl acetate and lead citrate, viewed using a Tecnai-12 (FEI) transmission electron microscope, and
photographed using a Zeiss 215 side-mount digital camera. Images were generated using AMT image
capture software. Adobe Photoshop and Illustrator software was used to process the images.

RT-qPCR and ELISA. GBS were grown to mid-log phase, and 1 � 106 CFU (MOI, 10) was added to
hCMEC or hVEC monolayers and incubated at 37°C with 5% CO2 for 6 h. The cells were then lysed, and
total RNA was extracted (Macherey-Nagel) and cDNA was synthesized (Quanta Biosciences) according to
the manufacturers’ instructions. Primers and primer efficiencies for IL-8, CXCL-1, IL-6, and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) were utilized as previously described (57). IL-8, CXCL-1,
and IL-6 proteins from hCMEC and hVEC supernatants were detected by enzyme-linked immunosorbent
assay (ELISA) according to the manufacturer’s instructions (R&D systems). For bacterial RT-qPCR, triplicate
cultures of WT GBS, the ΔltdR mutant, and the complemented strain were grown at 37°C in THB. The
growth of the GBS strains was monitored by measuring the optical density, and samples were collected
at an OD600 of 0.2, 0.5, and 1. Bacteria were collected and RNA was isolated as described above, and cDNA
was synthesized (Quanta Biosciences). The primers for qPCR are listed in Table S3 in the supplemental
material.

Generation of RNA-seq data. Triplicate cultures of WT GBS and the ΔltdR mutant were grown at
37°C in THB. The growth of GBS strains was monitored by measuring the optical density, and samples
were collected at an OD600 of 0.2, 0.5, and 1.0 to correspond with late lag, exponential, and
stationary growth phases, respectively. Bacteria were isolated from the medium by centrifugation
and resuspended in TRIzol reagent (Thermo Fisher). Zirconia/silica beads (diameter; 0.1 mm; BioSpec
Products) were added to the bacterial suspensions, and the bacteria were lysed by beating for 2 min
at maximum speed on a bead beater (BioSpec Products). RNA was isolated by following the
manufacturer’s protocol using a Direct-Zol RNA MiniPrep Plus kit (Zymo Research). Illumina cDNA
libraries were generated using a modified version of the RNAtag-seq protocol (58). Briefly, 500 ng to
1 �g of total RNA was fragmented, depleted of genomic DNA, dephosphorylated, and ligated to DNA
adapters carrying 5=-AN8-3= barcodes of known sequence with a 5= phosphate and a 3= blocking
group. Barcoded RNAs were pooled and depleted of rRNA using a RiboZero rRNA depletion kit
(Epicentre). Pools of barcoded RNAs were converted to Illumina cDNA libraries in 2 main steps: (i)
reverse transcription of the RNA using a primer designed to be specific to the constant region of the
barcoded adapter with addition of an adapter to the 3= end of the cDNA by template switching using
SMARTScribe reverse transcriptase (Clontech) as described previously (59) and (ii) PCR amplification
using primers whose 5= ends target the constant regions of the 3= or 5= adapters and whose 3= ends
contain the full Illumina P5 or P7 sequences. cDNA libraries were sequenced on an Illumina NextSeq
500 platform to generate paired end reads.

Analysis of RNA-seq data. Sequencing reads from each sample in a pool were demultiplexed on the
basis of their associated barcode sequences using custom scripts. Up to 1 mismatch in the barcode was
allowed, provided that it did not make assignment of the read to a different barcode possible. Barcode
sequences were removed from the first read, as were terminal G residues from the second read that may
have been added by the SMARTScribe reverse transcriptase during template switching. Reads were
aligned to the NCBI reference sequence with GenBank accession number NZ_HG939456.1 using the
Burrows-Wheeler aligner (60), and reads counts were assigned to genes and other genomic features
using custom scripts. Differential expression analysis was conducted with the DESeq2 package (61).
Visualization of raw sequencing data and coverage plots in the context of genome sequences and gene
annotations was conducted using the GenomeView browser (62).

Data analysis. GraphPad Prism (version 7.0) software was used for statistical analysis, and
statistical significance was accepted at P values of �0.05. Statistical analysis for the hematogenous
meningitis experiments, bacterial adherence and invasion assays, cytokine RT-qPCR, and ELISA was
performed using the t test. Statistical analysis for the vaginal colonization experiments comparing
the numbers of CFU of WT GBS and the ΔltdR mutant recovered from the mouse vaginal lumen on
each day was performed using the Mann-Whitney test. For RNA sequencing, genes were considered
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significantly differentially expressed if there was a 1.5-fold difference in the level of expression and
if the P value was below 0.05. Venn diagrams were calculated using the area-proportional Venn
diagram tool (BioInfoRx).
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